We reexamine the models with gauge mediation in view of the minimality. As a result, we arrive at a very simple model of direct gauge mediation which does not suffer from the flavor problems nor the CP problems. We show that the parameter space which is consistent with the Higgs boson mass at around 126 GeV can be tested through the stable stau searches at the 14TeV run of the LHC. The gravitino is a viable candidate for a dark matter. We also give a short discussion on a possible connection of our model to the recently discovered X-ray line signal at 3.5 keV in the XMM Newton X-ray observatory data.
Introduction
The minimal supersymmetric Standard Model (MSSM) has been widely believed to be one of the most attractive models of physics beyond the Standard Model (SM), since it provides a solution to the hierarchy problem between the scale of the SM and the very high energy scales such as the Planck scale or the scale of the Grand Unified Theory (GUT). The precise unification of the gauge coupling constants at the GUT scale has also supported the MSSM very strongly.
The observed Higgs boson mass at around 126 GeV [1] is, however, near the upper limit of the predictions in most conventional models of the MSSM with SUSY particle masses in hundreds GeV to a few TeV range. This rather large Higgs boson mass and the so far null results of the SUSY particle searches at the LHC have stirred up fears of non discovery of SUSY particles even at the upgraded 14 TeV run of the LHC.
In this paper, we reexamine the MSSM with fresh eyes, by placing greater emphasis on minimality as a guiding principle for model building rather than the conventional naturalness. In the course of the application of minimality, we take the models with gauge mediation [2, 3, 4, 5, 6, 7, 8] as our starting point, since it solves the SUSY flavor changing neutral current (FCNC) problem in the minimal set up. In particular, we confine ourselves to the models with direct gauge mediation in line with minimality. We further shave the models by assuming that the µ-term is given just as it is. As a result, we end up with models with very few parameters which are free from not only the SUSY FCNC problem but also the SUSY CP problem. We call this minimal model as the minimal direct gauge mediation.
As we will see, the squark and the gluino masses are required to be in the multi-TeV range to explain the Higgs boson mass at around 126 GeV, which are beyond the reach of the 14 TeV run. Interestingly, however, we find the stau is predicted to be rather light due to a large tau Yukawa coupling constant in the this model. As a result, we find that there is a large parameter region where the stau is the next-to the lightest particle (NLSP) with a mass below 1.0-1.2 TeV. We also find that the mass of the gravitino is typically above the keV range, and hence, the stau can be long lived and decay outside the LHC detectors, which provides searchable signals at the 14 TeV run of the LHC. We also discuss a possible connection of our model to the recently discovered X-ray line signal at 3.5 keV in the XMM Newton X-ray observatory data; if the model is embedded into string theories, a moduli has a similar mass to the gravitino mass which can be a dark matter.
The organization of the paper is as follows. In section 2, we reconsider the models with gauge mediation in view of minimality. In section 3, we show the predictions of the minimal direct gauge mediation model. There, we find that the stau can be the NLSP and decay outside the detectors of the LHC depending on the gravitino mass. The final section is devoted to discussions and conclusions.
Putting Minimality on Gauge Mediation
The minimal ingredients of the models with gauge mediation are a sector of spontaneous SUSY breaking and a sector of the messenger fields. Here, we collectively represent the SUSY breaking sector in terms of a single SUSY breaking field Z whose Lagrangean is given by,
Here, µ Z and Λ are dimensionful parameters which are determined by the dynamics in the SUSY breaking sector. 1 In this simplified description of the SUSY breaking sector, SUSY is spontaneously broken by the vacuum expectation value (vev) of the F -term of Z,
while the pseudo-flat direction obtains a mass from the quartic coupling in the Kähler potential;
In choosing the messenger fields, we assume that the messenger fields do not take part in dynamics of the SUSY breaking sector and are simply pairs of some representations and anti-representations of the minimal GUT group SU(5), (Ψ,Ψ) to keep the minimality of the model. We further assume that the messenger fields coupled to the SUSY breaking sector directly through the Yukawa interactions,
where k is a dimensionless coupling constant. Here, we have also introduced an explicit mass term for the messenger fields, M mess , so that we can avoid extending the models to generate non-vanishing vev of the A-component of Z [6, 7, 8, 12, 13, 11, 14, 15] . 2 With this minimal set up, the MSSM gauginos and the scalars obtain the soft masses via gauge mediation at the messenger mass scale,
Here, g collectively represents the gauge coupling constants of the MSSM, C 2 is a quadratic Casimir (C 2 = (N 2 − 1)/(2N) for SU(N)), and N mess denotes the effective number of the pairs of the messenger fields in terms of the fundamental representation of SU(5).
Finally, let us discuss the origin of the µ-term. As is well known, it is the long-sought problem to provide the µ and Bµ-terms which are in the similar size of the other soft parameters. Here, giving priority to the minimality again, we assume that the µ-term is given just as it is, i.e.
The notable feature of this type of the µ-term is that the gauge mediated B-term is vanishing at around the messenger scale at the one-loop level,
2 It should be noted that the above direct coupling between the messenger fields and the SUSY breaking field makes the SUSY breaking vacuum in Eq. (2) meta-stable, which leads to a constraint [16] . However, this constraint is avoided in the relevant region discussed in the next section.
3 For a threshold corrections to B from the two-loop contributions, see Refs. [17, 18] .
As we will see in the next section, this boundary condition plays a very important role in narrowing down the predictions of the model.
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In summary of the minimal set up of the models with gauge mediation, we arrive at a simple model;
We call this model the minimal direct gauge mediation (MDGM) model. 5 One of the most important advantage of this minimal model is that all the complex phases of the parameters in Eq. (8) can be rotated away by the phase rotations of Z, Ψ,Ψ, H u,d and the superspace coordinate θ. 6 Therefore, the MDGM model is not only free from the SUSY FCNC problems but also free from the SUSY CP problems.
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As will be studied in the next section, the MSSM spectrum is determined by only three parameters,
while µ is fixed by the electroweak symmetry breaking (EWSB) conditions. It should be also noted that the EWSB conditions result in a large tan β due to the vanishing B-term at the messenger scale, which leads the stau NLSP in a large parameter space.
One more important parameter for the LHC phenomenology is the gravitino mass,
which determines the lifetime of the NLSP (see appendix A). Here, M P denotes the reduced Planck scale, M P ≃ 2.4 × 10 18 GeV. As we will show in the next section, the Higgs boson mass at around 126 GeV can be explained in the parameter space where the NLSP 4 See Refs. [17, 19, 20] for earlier studies on models with B = 0 at the messenger scale. 5 For a messengers of a pair of 5 +5, there can be a mixing term between the Higgs doublets and the messengers without any additional symmetries [21, 22, 23, 24, 25, 26] . When the messenger sector consists of a pair of 10 +10 representations of SU (5), on the contrary, the mixing between the messengers and the Higgs doublets is automatically suppressed. 6 When there are multiple messengers, we cannot rotate away all the phases in the parameters. Even in that case, the phases of the generated gaugino masses in the MSSM are common, and hence, we can rotate away all the phases from the MSSM soft terms.
7 CP violation from the supergravity mediated effect will be discussed in the next section.
mass is at around 1 TeV. For m 3/2 > O(100) keV, the NLSP decays outside the detectors, and hence, we can detect the SUSY events by searching for charged tracks when the stau is the NLSP.
Minima Direct Gauge Mediation at the LHC
In the MDGM model, the right-handed stau becomes lighter than the neutralino in a large parameter space, due to the predicted large tan β. To see how large tan β is predicted, let us estimate the B-term at the weak scale which is mainly generated from the gaugino masses through renormalization group (RG) evolution;
with the boundary condition of B(Q = M mess ) = 0 (Q is a renormalization scale). Here, we denote M 2 and M 1 as the Wino mass and Bino mass, respectively. The Yukawa coupling constants and the scalar trilinear couplings of the top (stop), the bottom (sbottom) and
Since the B-term generated by the RG evolution is small even at the weak scale, tan β is predicted to be large after imposing the EWSB conditions;
where In Fig. 1 , the contours of tan β are shown on M mess -(kF/M mess ) plane with the messenger number N mess = 1 and 3. The SUSY mass spectra as well as the renormalization group running are calculated by using the SOFTSUSY package [28] . The larger messenger scale predicts a smaller tan β, since the generated B becomes larger due to the logarithmic enhancement from the messenger scale to the weak scale. In the gray shaded region, the successful electroweak symmetry breaking does not occur because of too large negative The Higgs boson mass in MDGM is dominantly raised by the radiative corrections from heavy stops [29] . Fig. 1 also shows the Higgs boson mass and the required value of the stop mass parameter defined by mt ≡ mQ The stau mass as a function of tan β. Here, we take tan β to be an input parameter, and the Higgs B-parameter is determined by Eq.(13).
particular, the stau masses receive the RG corrections and threshold corrections which
and
Both corrections are not negligible for a large tan β. In Fig. 3 , we show the stau mass as a function of tan β. Comparing the stau mass for tan β = 10 with that for tan β = 60, it is differed by ∼300 GeV. As a result, we find that the right-handed stau mass becomes light and the stau can be NLSP even for N mess = 1. We also find that the stau becomes the NLSP in a large parameter space for N mess ≥ 2.
In Here, we assume that the relevant phase arises from the Higgs B-term as B = B GMSB + i|m 3/2 |.
messenger scale. For instance, the electric dipole moment (EDM) of the electron can exceed the experimental bound [32] . In Fig. 6 , the upper-bounds on the messenger scales from the EDM constraint, |d e | < 8.7 × 10 −29 ecm [33] , are shown for k = 0.01, 0.1 and 1.0.
Here we have assumed that the CP phase arising from the supergravity effect is given by arg(B GMSB − i|m 3/2 |). For instance, for k = 0.1, the region with a large messenger scale, M mess 10 11 GeV may be excluded by the electron EDM constraint. The corresponding gravitino mass is m 3/2 ∼ 0.1 GeV.
Discussions and Conclusions
In this paper, we have reconsidered the models with gauge mediation in view of the minimality. As a result, we have arrived at a very simple model, the MDGM, which is free from the SUSY FCNC problems and the SUSY CP problems. Interestingly, we have found parameter space with the Higgs boson mass at around 126 GeV which can be tested at the 14 TeV run of the LHC through the stable stau search.
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As we have discussed, the MDGM model predicts the gravitino mass m 3/2 1 keV in most of the parameter space. In this mass region, the gravitino is most likely stable or long lived, and hence, it is a good candidate of dark matter (DM). However, its thermal abundance exceeds the observed density of the DM, which requires some mechanism to dilute the dark matter density. Notably, in the MDGM model, we already have a candidate of the source of the entropy, the messenger fields. As proposed in Ref. [38] , the energy density of the messenger fields can dominate over the radiation when it is long lived, and produce a lot of entropy at their decay. With the help of the entropy production mechanism we found a large parameter space where the observed DM density is explained by the gravitino of mass in the range of about 1 keV-1 GeV (see the appendix B).
If we embed the present model in string theories, there arises an intriguing candidate for DM besides the gravitino, that is the string moduli whose masses are of order of the gravitino mass. For m 3/2 = 1 − 100 keV the moduli field is long lived and a candidate for the DM [39] . The moduli decay into two photons with the Planck suppressed operator which can be accessible in cosmic X-ray telescopes for m 3/2 = 1 − 100 keV [40, 39] . It is very exciting that two groups analyzing the X-ray data of the many galaxy clusters have recently reported unidentified line signals at 3.5 keV [41, 42] . 9 We will discuss more details in a future publication [49] .
gravitino.
The decay rate of the NLSP stau is given by 
where we have assumed mτ ≫ m τ .
The decay rate of the NLSP neutralino is given by
where [27] Γ(χ →G + γ) = 1 48πM
with N 1B and N 1W being neutralino mixing angles and
g r 3/2 , r Z = 1 − 2 r 
For mχ ≫ m Z , m 3/2 and NB 1 ≃ 1, it is given by
B Gravitino Dark Matter in MDGM
Here, we show that the LSP gravitino in the MDGM model is a viable and natural dark matter candidate. Let us consider, as an example, the case of N 5 = 3. As shown in section 3 the Higgs mass requires that kF/M mess ≃ 300 − 400 TeV. There, the NLSP is the stau with a mass of mτ ≃ 0.8 − 1.2 TeV, and the gluino mass is about mg ≃ 5 TeV.
The gravitino mass is then given by
If there is no late-time entropy production, the gravitino abundance in the present universe is determined by the reheating temperature T R [50] ,
300 TeV, 0.01), the gravitino mass becomes m 3/2 ≃ 7 GeV and it can explain the dark matter density for T R ≃ O(10 6 ) GeV. However, such a large gravitino mass may cause a too large CP violation (see Fig. 6 ). In addition, T R ≃ 10 6 GeV is too low for a successful thermal leptogenesis [51] , which is one of the most attractive baryogenesis mechanisms.
Interestingly, another viable scenario opens up if the reheating temperature becomes higher than the messenger mass, T R > M mess [38] . In the present scenario, both the gravitino and the messenger fields become in thermal equilibrium for T R > M mess . 10 The resultant gravitino abundance, Ω eq 3/2 h 2 ≃ 5 × 10 3 (m 3/2 /10 MeV), would by far exceed the observed dark matter density, if there is no late-time entropy production. However, in the minimal gauge mediation, there is a natural mechanism to dilute this gravitino abundance by right amount, by the decay of a metastable messenger field. We assume that the following mixing term between the MSSM and the messenger fields is induced by the R-symmetry breaking constant term W 0 in the superpotential [38] :
where5 i is the MSSM multiplet, f i are constants of order unity, and i denotes the generation index. Then, the lightest messenger field, which is the scalar component of a weak doublet, becomes long-lived and decays into Higgsino and SM lepton through this small 10 This is the case as far as M mess ≪ 10 15 GeV × (k/0.1) 2 . If this inequality is not satisfied, gravitinos are not necessarily in thermal equilibrium for T R > M mess . Gravitino dark matter scenarios in such a case are discussed in Refs. [52] . 
where v ≃ 174 GeV is the Higgs VEV, and we have assumed that the decay into the third generation is dominant. Thus, the messenger decays before the big bang nucleosynthesis as far as f 3 O(10 −4 )(10 MeV/m 3/2 )(M mess /10 10 GeV) 1/2 . The thermal relic abundance of the messenger field is given by Y mess = n mess /s = 3.7 × 10 −10 (M mess /10 6 GeV) [53, 38] .
The energy density of the messenger field dominates the universe before its decay for 
If this is satisfied, the final gravitino abundance is given by 
Therefore, the LSP gravitino in the minimal gauge mediation can explain the present dark matter density in a wide range the parameter space consistent with the Higgs mass m h ≃ 126 GeV (see Fig. 4 ), with moderate values of k and f 3 . We emphasize that the gravitino abundance is independent of the reheating temperature as far as T R > M mess , and that the thermal leptogenesis works successfully [38] .
